INTRODUCTION
Restrictions on the use of Halons have motivated renewed interest in carbon dioxide total flooding extinguishing systems. An important consideration in the approval of carbon dioxide total flooding systems is the successll completion of a fill discharge test to venfy, as per NFPA 12 [I] , that carbon dioxide is indeed discharged through the system piping, and that the design concentration is achieved and maintained for the required hold time. Another consideration for tight enclosures is to confirm that the maximum pressure developed during discharge is below the design strength of the enclosure.
There are several disincentives to conducting carbon dioxide discharge tests. These include: 1) personnel safety concerns associated with the high CO, concentrations and the corresponding low 0, concentrations; 2) possible cold shock damage to vulnerable electronic equipment in the discharge Governing equations used to simulate this representation of the discharge are conservation of mass, carbon dioxide, and energy, and the associated mixture ideal gas law. Mass conservation is written as follows. R, = fraction of CO, flashing to solid during discharge, G = CO, mass discharge rate.
Leakage in or out of the enclosure is calculated from the following orifice equations with discharge coefficient, C,, where A, = area of ith leakage opening, Pi = internal pressure at elevation of ith leakage opening, P, = external (ambient) pressure at elevation of A,, ni = mass flow rate through A,,
If the total leakage area is known but the distribution and elevations of individual areas are not known, the distribution producing the largest leakage rates is one half the area at the bottom and the other half at the top of the enclosure. This is what is used in the model, unless otherwise specified.
The evaporation of solid CO, particles falling to the floor is calculated using the following representation of the Spalding mass transfer correlation.
where h, is the heat transfer coefficient for the falling particle, B is the Spalding B number; i.e. the ratio of sensible heat to the heat of vaporization, d is particle diameter, G is the mass discharge rate of CO, into the enclosure, t, is the time required for the particle to fall from the nozzle to the floor, Q , is density of solid CO, particles, and C, is the specific heat of the C0,-air mixture.
The particle settling time, t,, is calculated using the average of the particle terminal velocity and the discharge velocity from the nozzle. TheNusselt number used to calculate the heat transfer coefficient is determined from a forced convection correlation using a Reynolds number based on the particle terminal velocity. The full set of supporting equations is given in Reference 3.
Using the heat and mass transfer analogy, the rate of evaporation from the layer of solid carbon dioxide deposited on the floor is: where h, is the heat transfer coefficient at the surface of the deposited CO, layer, A is the floor area, M is the total mass of CO, discharged, p, is the density of gas phase CO, at the enclosure temperature, x is the volume (mole) fraction of CO, in the gas mixture, M, is the molecular weight of CO, (44), and Ma is the molecular weight of air (28.8).
The heat transfer cofficient, h,, is determined from a turbulent flow Reynolds number correlation using the average velocity of the falling CO, particles and the induced velocity due to the leakage flow at the bottom of the enclosure. Details are given in (3).
The equation describing conservation of carbon dioxide is
The relationship between CO, volume fraction, x, and mass fraction, y, is Substituting Eqns 1 and 7 into the expanded form of Eqn 6, we obtain for conservation of CO,: Conservation of energy for the system depicted in Fig 1 can The last two terms in Eqn 9 can be rewritten in terms of water vapor specific heat, C, , liquid water specific heat, C, , temperatures, and the saturated water vapor concentration, W,, at temperature T.
On the right hand side of the energy equation, the first three terms are E, is the enthalpy input of water vapor in the ambient air entering the enclosure.
Heat transfer through the enclosure walls/floor/ceiling during the discharge period can be calculated by using the thermally thick approximate solution of the heat conduction equation with a convective heat transfer boundary conditon [3] . However, many applications demand a thermally intermediate solution for the extended period following discharge. In anticipation of the need for a solution that will describe the heat transfer during the entire discharge test, the transient, one-dimensional heat conduction equation is solved using a finite diierence procedure [3] when the wall thickness is less than 2 (~t ) "~, where t now is the total duration of the simulated test. The enclosure wall heat transfer using the finite difference solution and an assumed solid CO, floor layer accumulating linearly with time, can be written as where T , , is the inner wall surface temperature at time t, h, is the convective heat transfer coefficient at the inner wall of the enclosure, 4 is the total internal surface area of the enclosure, t, is the duration of CO, discharge. T , is the saturation temperature of solid CO, accumulating on the floor, and Fl is a user supplied correction factor to account for heterogeneous enclosure surfaces containing windows, doors, protusions, etc that may act as heat sources or sinks.
The inner wall convective heat transfer coefficient used in Eqn 13 is evaluated using a turbulent flow correlation [3] where we assume the effective velocity at the inner wall is a combination of the velocities induced by discharge and by leakage flow. The discharge flow induced velocity is assumed to be twice the C02 particle terminal velocity, and the leakage flow characteristic velocity is an area weighted fraction of the maximum velocity through the leakage openings.
Once El through E, and the specific heats are evaluated, the energy conservation equation is where C,is the constant volume specific heat of the CO, -air mixture, and
The ideal gas law equation as applied to this mixture of CO, and air is where P is the pressure at the enclosure bottom, and R is the universal gas constant.
Differentiating both sides of Eqn 16 yields
The total rate of pressure change consists of Eqn 17 plus the contribution of the water vapor pressure, P, , to give as follows Equations 1, 8, 14, and 18, plus the auxiliary equations above, represent a set of four first order ordinary differential equations in the dependent variables p, x or y, T and P. Solution techniques are described after presenting the formulation for the post-discharge model.
Post-Discharge Model
After discharge is completed, there is no source of turbulent mixing to maintain uniform temperatures and CO, concentrations in the enclosure. As the turbulence level decays in the few seconds following discharge (or, more precisely, in the final stage of discharge in which only CO, vapor is discharged), air leakage in through openings in the upper portion of the enclosure, and cold C0,-air mixture outleakage through openings in the lower portion of the enclosure create stratified temperatures and concentrations. This transition period in which the enclosure evolves from a uniform to a stratified environment is modeled with the same equations as during discharge, but with G set equal to zero, with a linearly decreasing average enclosure velocity for heatfmass transfer calculations, and with density, temperature, and concentration now representing average values as nonuniformities develop.
The post-discharge model, which is invoked after a transition period equal to the discharge time, assumes that both the temperature and mixture density are linearly stratified as illustrated in Figure  2 . The equations representing the assumed distributions are and where phand p, are mixture densities at the top and bottom of the enclosure, respectively, and Th and To are the temperatures at the top and bottom of the enclosure.
Hydrostatic pressure distributions and ideal gas law equations are employed to relate the linear density and temperature distributions to the corresponding nonlinear pressure and CO, concentration distributions shown in Figure 2 .
Conservation of mass for this assumed distribution of gas density in the enclosure is Leakage mass flow rates are calculated from Equations 2 and 3 as in the discharge model, but the enclosure pressure at elevation bi of the ith leakage area is now a quadratic function of elevation. The evaporation rate from the shrinking carbon dioxide floor layer, denoted by the last term in Eqn 23, is calculated from the mass fraction of carbon dioxide at floor level and a mass transfer coefficient based on the lowest elevation leakage velocity. Details are given in 131.
and Conservation of carbon dioxide in the post-discharge model is given by Conservation of energy in the post-discharge model is expressed as where the left hand side represents the rate of increase of mixture internal energy, E, is the net rate of energy input (or outflow) from air (or CO,), E, is the rate of energy input by natural convection from the walls, and E, is the rate of energy absorbed by water or ice suspended in the gas mixture.
Additional equations are needed to determine the temperature and density gradients in the enclosure following discharge. These equations are obtained by considering the conservation equations for the upper half of the enclosure. For example, conservation of mass in the upper half volume of the enclosure can be written as where the first term on the right hand side represents the net air leakage above the enclosure midplane, the second term represents the diision of air from the upper volume to the lower volume, the third term represents the diffusion of CO, from the lower volume to the upper volume, and the last term denotes the mass transfer between the upper and lower volumes. The diffusion terms can be expressed as follows after evaluating the air and CO, concentration gradients at the midplane.
Conservation of CO, in the upper volume is similar to Eqn 24 except that the integration and summation start at the enclosure midplane. Conservation of energy in the upper volume is similar to Eqns 14 and 25 except that there is no floor evaporation term and the heat transfer through the upper wallslceiling (denoted by El, below) is assumed equal to half the heat transfer for the entire surface area.
Equations 21, 24, 25, and the three conservation equations for the upper volume can be written as a set of 6 differential equations for the unknowns P, p, p , m, To, and T, subject to initial conditions at t-t,,.
Numerical Solution Method
The numerical method used to obtain solutions for the discharge model and the post-discharge model is the Runge-Kutta Fehlberg method with time step determined according to a user specified allowable error for each dependent variable [4] . In the transition period immediately following discharge, the set of simultaneous algebraic equations is solved using the Gauss-Jordan Elimination method. Both methods were implemented via a Fortran program using published algorithms [5] . The computer program was compiled and executed on the WPI DEC workstations and on a 386 PC.
CALCULATED RESULTS COMPARED TO TEST DATA Model calculations have been compared to data obtained in a series of CO, discharge tests conducted at Factory Mutual Research Corporation for the Pennsylvania Power & Light Company [6] . The tests were conducted in a 13.4m x 12.2m x 6.lm high enclosure with walls and ceiling constructed of 1 inch (2.54 cm) thick Marinitem I panels. Access doors and windows were provided on two walls, and a series of holes was drilled in two walls to avoid pressure damage to the structure. The total leakage area (including gaps around doors, panels, etc.) was determined by door fan pressurization tests to be 0.192 m2 (297 in2), whereas the area of the drilled holes was 0.138 m2 (214 in2).
Different amounts of CO, were released in the three tests conducted. The amounts and discharge times for Tests 2 and 3, as measured by load cells under the CO, tank were: Measurements at several elevations included temperatures of the gas and the enclosure walls, CO, gas concentrations (measured with both infrared analyzers and thermal conductivity analyzers), and differential pressures at two elevations across one wall.
Enclosure gas phase temperatures and pressures in Test 2 are plotted in Figures 3 and 4 , respectively. The temperatures rapidly drop from ambient to the one atmosphere saturation temperature of CO, (194 "K) about two minutes aRer discharge begins. It remains saturated for several minutes following discharge, and then gradually warms. The calculated temperatures track the measurements during the cooldown, but somewhat underestimate the rate of warming. This may be due to the additional heat transfer surface area associated with the structural members and instrumentation. Increasing the enclosure surface area by lo%, to represent these surfaces provided better agreement with the temperature data [3] .
The pressure in Figure 4 first drops as the enclosure air is cooled by the cold CO, discharged, and then increases to a maximum as additional moles of gaseous CO, are discharged and evaporated. The calculated maximum pressure rise of about 200 Pa is very close to the measured value. The calculated peak occurs about one minute prior to the completion of discharge while the measured peak occurs 30-40 sec aRer the end of discharge. The differences may be due to transients and phase changes in the CO, delivery piping. The calculations assume a constant flow rate of liquid CO,, but the actual discharge probably consists of primarily gaseous CO, before the pipe walls cool, and after the liquid is discharged from the tank but the pipeltank still contains pressurized gaseous CO,. The sharper decay after the calculated peak is probably also due to this effect. A less significant error source is the assumed solid CO, particle diameter (0.3 rnm) which may too small and therefore lead to an overestimate of CO, vaporization rates.Calculated and measured pressures gradually return to the pre-discharge value as the enclosure gas warms.
Calculated and measured CO, concentration histories for Test 2 are shown in Figure 5 . The maximum calculated concentration of 40 v?? agrees with the data and occurs a few minutes after discharge is completed. The time lag is due to the time required to evaporate the remaining dry ice on the enclosure floor and suspended in air. After the maximum concentration is reached, the concentration falls more rapidly at the upper elevations than the lower elevations of the enclosure.
Calculated and measured concentration histories at all elevations agree for the approximately 35 minute test duration.
The calculated and measured CO, concentrations in Test 3 are shown in Figure 6 . There is excellent agreement. The 50 v?h peak concentration in Test 3 is about 10 v'h higher than in Test 2, and requires considerably more CO, to be discharged than the NFPA 12 flooding factors require. The calculated rates of concentration decay at all four elevations are almost identical to the measurements.
Thus, the assumed concentration distribution and the calculated leakage rates appear to be verified, at least for this test series.
Several parameter sensitivity calculations were conducted with the model simulations of these discharge test conditions. Among the many interesting results of these caclulations was the observation that varying the solid CO, evaporation rate (via heat transfer coefficient or particle size) during discharge did not significantly affect the peak concentration (because it was compensated by leakage fiom the enclosure while the pressure was high) but that additional heat transfer after discharge could increase the peak CO, concentration. This suggests that performing CO, discharge test on a warm day is more likely to produce success than conducting the same test on a cold day. 
T I M E ( M I N U T E )

Figure
5
Concentration from Model vs Test 2 Figure 6 Concentration from Model vs Test 3
